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Penicillin is known to destroy in a  growth environment the ability of sus- 
ceptible bacteria to proliferate (1, 2). However, in an environment not suitable 
for growth, bacteria treated with penicillin retain unimpaired their ability to 
reproduce  at a  later test in growth media not containing the agent  (1,  3). 
Indeed,  non-proliferating,  "resting," or washed,  bacteria  are  unchanged by 
penicillin in virtually all the metabolic activities thus far investigated (2, 4-6). 
Nevertheless, it is to be expected that it will eventually be possible to observe 
in  a  properly reconstructed  system with  washed non-growing bacteria,  the 
metabolic process  whereby penicillin presumably produces  its initial injury 
to growing organisms. 
The observation that washed staphylococci, when respiring in glucose,  are 
simultaneously able  to  take up amino acids from the surrounding medium, 
converting them into cellular protein (7), gave opportunity to test the effect 
of penicillin upon a  partially isolated  complex metabolic activity, one pre- 
sumably involved in normal growth. However,  when this  test  was first at- 
tempted in  1946, neither crude nor purified penicillin was found to have an 
appreciable effect upon the rate of utilization of amino acids by washed bac- 
teria. The present communication deals with a more extensive investigation of 
the effect of penicillin upon bacterial protein synthesis. The reinvestigation was 
prompted by the appearance during the intervening years of certain reports 
tending to indicate that penicillin inhibition has  to  do with amino  acid  me- 
tabolism. 
Gale and Taylor have reported  that staphylococci grown in low concentrations 
of penicillin have a greatly reduced capacity to concentrate  free glutamic acid from 
the external  environment  (4). Washed normal bacteria  appeared  unaffected in their 
glutamic acid  metabolism  if penicillin  was  added only after they were  removed 
from the growth  environment.  The later work of Gale and his  associates  tended 
further to  link  penicillin  sensitivity with the amino  acid  metabolism.  Strains  of 
staphylococcus not only grown in penicillin but repeatedly selected for progressively 
increasing resistance to the agent, were found to undergo a progressive loss of their 
ability to accumulate glutamic acid in their internal environment  (8). Furthermore, 
the more highly resistant derived strains were in their growth increasingly independent 
of the ten or more amino acids required  by the parent strains  (9). The organisms 
resistant to the highest concentration  of penicillin became Gram-negative  (10), grew 
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in the absence of amino acids, and did not concentrate glutamic acid in free form (9). 
Schwartzmann  had  presented  evidence  that,  for  the  relatively insensitive Gram- 
negative species Escherichia coli, the effect of penicillin in growing cultures was to some 
extent counteracted by dicarboxylic and basic amino acids, and cystine (11). 
Krampitz and Werkman at about the same time reported that washed staphylo- 
cocci,  after  a  prolonged  incubation  without  substrate,  begin  to  dissimulate their 
ribonucleic acid (5). The preliminary stages of this dissimilation are prevented by 
penicillin, suggesting to the authors that this agent may also inhibit the synthesis of 
ribonucleic acid. At the present time ribonucleic acid is looked upon as largely organ- 
ized in the form of nudeoprotein at, or adjacent to, the cell surface of Gram-positive 
bacteria (12, 13). 
The  reports  just  summarized  made it seem  desirable  to reinvestigate the 
effect of penicillin upon protein synthesis in washed bacteria. In the present 
work, it has been found that although amino acids are utilized at the same rate 
in the presence as in the absence of crystalline penicillin G,  there are major 
changes in the distribution of total nitrogen between the cells and their fluid 
environment  when  penicillin is  present.  A  short  account  of  some  of  these 
findings has already appeared (14). 
Materials  and  Methods 
The present work was performed with a strain of Staphylococcus aureus, 40-2B, previously 
used in this laboratory (15), which was originally isolated from a case of bovine masfitis. It 
was maintained in meat-infusion-peptone liquid media. In such an environment an inoculum 
of approximately l0  s cells per co. is prevented from growing by 0.05 unit of penicillin G per 
ec. This sensitivity is similar to that of other strains of staphylococcus described in the liter- 
ature. 
Fresh standard solutions of commercial crystalline sodium penicillin G  (benzylpenicillin) 
were  used, the activity in international units being  taken from the manufacturer's label. 
The Commercial  Solvents  product and the E. R. Squibb preparation (containing  a  small 
amount of citrate buffer)  behaved similarly. When the latter was used, the bacteria were 
suspended in the presence of enough citrate to eliminate any effect of citrate added with the 
penicillin dilution. 
The bacteria were grown, generally in meat-infusion-peptone broth, for 18 hours at 37°C., 
by which time growth had reached  a maximum.  Mter sedimentation in the centrifuge,  the 
cells were taken up and resedimented  in sufficient distilled water to remove the bulk of the 
medium. They were then generally incubated for 30 to 50 minutes with aeration in a mixture 
of glucose, approximately 0.001 ~ magnesium sulfate, and potassium phosphate buffer at pH 
from 6.8 to 7.4. Although this treatment is not essential, it serves the purpose of an especially 
thorough washing  since during it, the organisms lose some nitrogenous  matter which other- 
wise tends to come out of the cells during the later experimental period and thereby to obscure 
the nitrogen balances. Following another washing with water the organisms were resuspended 
in the cold in 0.03-0.10 x~ potassium phosphate buffer at pH 6.8-7, with magnesium sulfate 
approximately 0.001 x, and in some cases, potassium citrate. In experiments  in which the 
phosphate uptakes were investigated, the buffer was approximately 0.002 ~  phosphate and 
0.05 M  citrate. The presence of added sodium ions does not seem to be important. So prepared, 
the bacterial suspensions are stable and give off very little soluble nitrogen when incubated 
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bacterial mass in cultures and suspensions,  the optical density (logarithm of incident/trans- 
mitted light intensity) was deter-mined  at 700 mu.  When dilutions were chosen so that the 
transmittance was in the range from 60 to 80 per cent through a depth of 1.3 cm., the optical 
density  is  satisfactorily  proportional  to  the  amount  of  bacterial  nitrogen  or phosphorus. 
In  the  various experiments,  the  bacterial  suspensions  were exposed  to glucose,  pure  l- 
amino acids or mixtures of these, acid hydrolysate of casein (Casamino acids, Difco), penicillin, 
etc., as indicated. These additions were in general made from micropipettes to aliquots of the 
bacterial suspension  in Warburg  respirometer vessels of  16 or  120  cc.  capacity,  or in gas 
washing bottles holding 300  to 500  cc.  After approximately 2 hours' aeration at 38°C.  b] 
shaking or bubbling with air, the suspensions  were centrifuged at high speed at approximately 
5°C.  Appropriate controls consisted of aliquots of the same suspension, centrifuged without 
incubation or incubated samples to which the penicillin, or the amino adds, etc. had not been 
added.  The suspensions  usually contained from 1.5 to 5 mg. dry weight of bacteria per cc.; 
at this high concentration bacteria do not multiply in short incubation periods even when 
not washed and when suspended in media containing far more of the numerous growth factors 
required by staphylococci than  the simple mixtures used in the present work.  These state- 
ments were substantiated  on numerous occasions by the observation that the viable count, 
the turbidity of the suspension,  and  the rate of oxygen uptake failed to increase during the 
incubation period. 
The  supernates  were analyzed  directly or after a  second  centrifugation.  The cells were 
washed  briefly in ice cold water in the centrifuge, and  resuspended  in cold 5 per cent tri- 
chloroacetic acid. After one or two extractions with trichloroacetic acid in the cold, usually 
overnight, but in all cases for at least 30 minutes,  the acid-insoluble cell precipitates were 
quantitatively transferred  to hydrolysis tubes in which they were heated with 6 N  hydro- 
chloric acid, at 120°C. in the autoclave for 2 hours. 
Aliquots of the supernates,  washing fluids,  trichloroacetic acid extracts, and  cell protein 
hydrolysates were analyzed according to appropriate microchemical methods. Total nitrogen 
was  determined  by the Kjeldahl process,  and  total amino nitrogen by a  colorimetric esti- 
mation  with  the  B-naphthoquinone-4-sulfonate  of  Folin.  In  the  latter  determination, 
details of which are to be given elsewhere, ammonia was separated from the sample by micro- 
diffusion  and  estimated separately with Nessler's reagent.  Virtually all the common amino 
acids give equivalent amounts of color on a molar basis in this procedure. The results of the 
convenient colorimetric amino group determination were on numerous occasions  found to be 
consistent with those obtained  from the  same  supernates  with  the gasometric Van  Slyke 
nitrous acid or ninhydrin determinations. Phosphate was determined by the Fiske and Sub- 
barow method. Biuret determination of peptide nitrogen was made at 1.25 cc.  volume in 6 
per cent sodium hydroxide and 0.06 per cent copper sulfate, the color being measured at 530 
m~ in the Beckman spectrophotometer. A suitable blank was provided, and  the results are 
expressed in terms of the peptide nitrogen (i.e. totala-amino nitrogen recovered on hydrolysis) 
of an equivalent standard solution of bovine serum albumin (Armour and Co., bovine plasma 
fraction V.) 
EXPERIMENTAL 
Effect of Penicillin upon the Metabolism  of Washed Normal Bacteria.--Com- 
parisons  were made  of oxygen, phosphate,  and  amino nitrogen  utilization by 
washed  staphylococci  in  the  presence  and  in  the  absence  of  penicillin.  The 
experiment represented  in Table I, and a  large number of similar experiments 
all indicate  that  penicillin has  only  minor  effects upon  the  utilization  rates, 
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amount originally present in the cells. This observation is in keeping with other 
reports that penicillin does not markedly affect various metabolic activities of 
bacteria  (2, 4-6). 
Amino Acid Metabolism of Bacteria Grown in Penicillin  Media.--In  1946, 
Gale and Taylor  (16)  first reported  that when staphylococci are grown for 1 
to 3  hours in media  containing low concentrations  of penicillin,  their  ability 
to accumulate glutamic acid diminishes and is eventually lost. Lysine assimila- 
tion is  not  affected.  It  seemed  possible  to investigate,  with  the  system  de- 
scribed above, whether growth in penicillin produces an injury that diminishes 
TABLE I 
Oxygen, Phosphorus, and Nitrogen Uptake by Washed Staphylococci Respiring in the Presence 
of Penicillin G 
Nitrogen source 
No nitrogen added 
Casein hydrolysate 
Casein hydrolysate, purines, pyrimidines 
Pure glycine, alanine, serine, glutamic acid 
Penicillin 
leaits 
0 
1150 
0 
1150 
0 
1150 
0 
1250 
Uptakes at mad of 2 hour period 
O:lygen  Pho~plmte  Amino N 
~l.  /~g. P  ~g. 
925  283  --32 
915  289  --37 
1940  52  216 
1810  74  198 
2060  90  244 
2040  108  230 
1880  101  288 
1680  129  288 
All calculations on basis of 1000ug. original cellular N. 
the utilization of amino acids other than glutamic acid, or of amino acid mix- 
tures  containing glutamic acid. 
The metabolic activities previously measured in washed normal cells were compared  in 
normal staphylococci and in staphylococci from a culture inhibited,  as in the work of Gale 
and Taylor, during the last few hours of growth, by a low concentration of penicillin. Mter 
3½ hours' growth (optical density per 1.3 cm., 0.47), a peptone-broth culture of staphylococcus 
was divided into two portions and 2.7 units per cc. of crystalline penicillin G were added to one 
portion. After a further 2 hours' incubation, the control culture had reached an optical density 
of 0.94, while the penicillin culture had progressed only to 0.54. At this point cells were har- 
vested from each culture  and prepared in suspensions of equal cell density for exposure to 
various amino acids. 
The oxygen, phosphate,  and  amino nitrogen utilization  shown in Table II 
reveal no major metabolic deficiency of the ceils grown in penicillin medium. 
Respiring  staphylococci take  up inorganic phosphate  to  a  diminished  extent 
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phosphate uptake in the presence of amino acids appears to be somewhat more 
pronounced in the cells grown in penicillin. There is some reduction of glutamic 
acid utilization in the peniciUin-treated cells,  but by no means the virtually 
complete loss of this function found by Gale and  Taylor (4).  The glutamic 
TABLE  II 
Comparison of the Metabolic Properties of Washed Staphylococci  from Normal Broth and 
Penicillin  Broth Media 
Substmtcs  Total utilization  by normal cells !Total  utilizatioc~spenicillln.grown--I"" 
Amino  acids  Amino  N 
Ga 
G, S 
G, S, L 
G, S, L, Ga 
G, S, L 
Ga 
G, S 
G, S, L 
G, S, L, Ga 
G, S, L 
Glucose 
/ng, 
55 
55 
55 
55 
55 
0 
55 
55 
55 
55 
55 
0 
Oxygen  Phosphate Amino 
1960  305  ~  0 
2190  220  100 
2350  195  140 
2440  155  180 
265O  85  285 
430  --15  185" 
Oxygen 
----2-. 
1920 
1990 
2540 
2480 
2420 
410 
Phosphate __ 
/Jg.P 
325 
160 
110 
105 
70 
--10 
Ratios; penicillin-grown  cells:  normal  cells 
1st hr. 
1.09 
1.07 
1.04 
1.11 
1.07 
1.i 
Oxygen uptake per hr. during 
2nd hr.  3rd hr. 
0.90 
0.75 
1.17 
0.90 
0.81 
0.8 
0.93 
0.87 
1.06 
1.00 
0.93 
0.95 
0 
85 
135 
160 
220 
185' 
Amino  N utiliza- 
tion in 3 hrs. 
I 
0.85 
0.96 
0.89 
0.77 
1.00' 
All calculations on basis of  1000 gg. original cellular nitrogen. Amino nitrogen provided 
at  constant total level of  77 ug.,  consisting as indicated, of l-glutamic acid  (Ga),  glycine 
(G), l-serine (S),/-leucine (L), or various equimolar mixtures of these. Values indicated with 
an asterisk represent conversion to ammonia by oxidation; other nitrogen values signify true 
utilization, corrected for ammonia production. 
acid utilized in this experiment (28 to 33 #g. N  per hour per 1000 ~tg.  cell N) 
corresponds  to  750 #1.  glutamic acid per  100 rag.  normal cells,  and  635  /A. 
per  100 mg. penicillin-grown cells, per hour. Gale and Taylor, working with 
staphylococci grown in media deficient in all amino acids, found accumula- 
tions of 590 to 700/A. glutamic acid per hour by 100 rag. of normal cells, and 
this was reduced to a negligible uptake in cells grown for 1½ to 3 hrs. in 5 units 
of penicillin per cc., and to 87 #1. or less after exposure to only 1 unit of peni- 
cillin.  1 Insofar as investigated, these inhibitions were also reflected in a greatly 
These  workers  used  amorphous  commercial penicillins with approximately 30 and  50 
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reduced rate of disappearance of glutamic acid from the external environment. 
The different outcome of the present experiments must be laid to differences 
in the strain of staphylococcus, the medium employed, or the penicillin prep- 
arafion used. 
The data of Table II do not suggest that glutamic acid utilization is markedly 
impaired in the cells grown in complete medium containing penicillin. Similar 
experiments have not been carried out to any extent in this laboratory with 
cells  grown in amino acid-deficient media. However, it may be  noted from 
Table II that penicillin has caused the oxygen uptake to fall off most rapidly 
during 3 hours in those suspensions given glutamic acid, with or without other 
amino acids3 Since it is the respiration which provides energy for the assimila- 
tory process (4, 7), there is some reason to suppose that the slight lowering of 
glutarnic acid utilization is a secondary result of the drop in respiration, which 
for some unknown reason occurs sooner in those cells which are on the point of 
becoming non-viable through the action of penicillin. It cannot be supposed 
that the virtual inhibition of assimilation found by Gale and Taylor during 
the initial hour of incubation with glutamic acid and glucose was due to com- 
plete failure of the respiration. Nevertheless, it does not seem altogether safe 
to suppose that the respiration in their experiments remained at a  high level 
throughout the hour of incubation.  Respiratory rates  were reported as un- 
changed in  penicillin-grown ceils,  but  the  rates  were  apparently calculated 
from 15  minute observations early in  the incubation period,  and were  not 
measured in  the presence  of glutamic acid. In any case, in the experiment 
represented in Table II, the respiration of penicillin-grown cells fell more rapidly 
than that of normal cells whether or not glutamic acid, or indeed any amino 
acid at all, was supplied with the glucose. These findings, taken altogether, 
make it seem possible that penicillin exerts upon the complicated system of the 
growing cell an effect which only under certain circumstances, and perhaps 
indirectly, is manifested in changes in glutamic acid, or oxygen, or phosphate, 
utilization. 
Effect of Penicillin  upon the Course of Nitrogen  Utilization  by Washed Bac- 
teria.--When respiring washed staphylococci use amino acids in the absence of 
other substrates, ammonia is formed; when glucose is present, the amino acids 
are taken up into the cell  (7).  The nitrogen in the latter instance largely ac- 
cumulates in the trichloroacetic acid-insoluble cellular protein fraction. The 
combination, cells-oxygen-glucose-amino acids, appears to function smoothly 
as a protein-synthesizing system in which there can be an actual 10 to 30 per 
cent net increase in protein without cell proliferation. 
This is probably not the same phenomenon as the more drastic fall in respiratory rate of 
bacteria after prolonged  (2  to 4  hours)  exposure to penicillin in their growth environment 
(6, 17). In the work cited penicillin  added to resting ceils did not have pronounced  effects  on 
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The experiments  described up to this point indicate that penicillin has only 
small effects upon the rate of utilization of amino acids,  measured  as disap- 
pearance of free amino nitrogen or of a-amino acid nitrogen.  A striking effect 
of penicillin is revealed,  however,  when the distribution of this nitrogen be- 
tween  cells and  environment is  investigated. As indicated in  Table  HI,  if 
penicillin is present the nitrogen of the cell protein fraction does not increase 
when washed  bacteria are incubated with amino acids.  Indeed, the nitrogen 
content of the supernatant fluid remains constant or slightly increases. Never- 
theless, the same amount of amino nitrogen has been used up during this time, 
TABLE  III 
Effect of Penicillin G upon Nitrogen Assimilation by Washed Staphylococci 
Substrates in  addition to  glucose 
None 
Difference 
Amino acids 
Difference 
Amino acids, uracil 
Difference 
P niclUln  G 
415 
415 
415 
Chang~ in nitrogen fractions in lj hrs. 
Supernate  Cellular  add- 
amino N  insoluble N 
ag.  ~. 
4  --61 
7  --64 
3 more  3 less 
--92  52 
--92  -- 15 
None  67 less 
--86  51 
--90  5 
4 less  46 less 
Supernste 
non-amino N 
38 
41 
3 more 
53 
106 
53 more 
29 
70 
41  more 
All values based upon 1000 ug. cellular nitrogen. Penicillin used at a  concentration of 150 
units per cc. containing washed staphylococci with a dry weight of about 3 mg. Amino acids 
used, glycine, l-serine,/-glutamic acid, and/-lysine; total amino nitrogen, 235 ug. 
whether or not penicillin was present.  The same result is obtained if a-amino 
acid nitrogen is  determined instead of total amino nitrogen. This can only 
mean that nitrogen compounds  other than amino acids  are accumulating in 
the fluid surrounding the cells. The last column of Table III gives the changes 
in the non-amino  nitrogen of the supernates.  It will be noted that these  are 
increased  by penicillin to about the degree that the cellular protein nitrogen 
values were diminished in comparison with their controls. 
It would be possible to conclude that synthesis of bacterial protein is pre- 
vented by penicillin and that a normal product intermediate between amino 
acids and protein accumulates in the surrounding fluid instead. However, it is 
also possible that the non-amino material which accumulates is an abnormal 
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amino acids, or a  substance released from the cells by the action of penicillin. 
Yet there  is evidence,  in the  experiment in which amino acids were omitted, 
that, although appreciable amounts of non-amino nitrogen and amino nitrogen 
were released from the cells,  penicillin  did  not  increase  the  amount  released. 
Furthermore,  when  amino  acids  were  provided,  the  extracellular  non-amino 
fraction, greatly increased in the presence of penicillin, corresponded in amount 
more  or  less  quantitatively  to  the  amino  nitrogen  not  taken  into  cellular 
protein.  These  findings  lend  some  support  to  the  conception  that  the  non- 
TABLE IV 
Effect of lnactivated Penicillin upon Nitrogen Assimilation by Respiring Washed Staphylococci 
Treatment of penicillin 
Alkali, 0.15 N, 3 hrs. 
Acid, 0.06 N, 3 hrs. 
Heat, 100°C., 30 min. 
Salt control, 3 hrs. 
Untreated control 
(No penicillin added) 
Original ~.nicillln 
activity 
units 
36O 
215 
360 
215 
360 
215 
215 
72 
215 
72 
Amino N utilized 
#g. 
97 
97 
87 
100 
101 
103 
65 
64 
62 
57 
94 
Non-amlno N 
produced 
#g. 
2 
22 
22 
18 
5 
12 
85 
75 
79 
86 
10 
All values based upon 1000 #g. cellular nitrogen. Incubation, 2 hours, 38°C., with aeration, 
in casein hydrolysate and glucose. Control penicillins had full activity shown; treatment with 
either sodium hydroxide,  hydrochloric  acid, or heat had destroyed 99.8 per cent or more of 
the growth-inhibitory activity. 
amino  nitrogen  material  that  accumulates  in  the  presence  of  penicillin  is 
formed,  either  as a  normal or abnormal  product,  from the  amino  acids  sup- 
plied  and  not  from  the  cell  proteins. 
The  soluble  non-amino  fraction  does  not  increase  through  the  action  of 
penicillin  unless  both an oxidizable  substrate  such as glucose and a  source of 
amino acids are present.  Furthermore,  penicillin no longer leads to the forma- 
tion  of this fraction if it is rendered  biologically inactive by heat,  or by acid 
or alkali  at 38°C.,  treatments  which  in  general  convert  it into  different  end 
products  (18).  An  experiment  with  inactivated  penicillins  is  represented  in 
Table IV. It will be seen that as little as 72 units of active penicillin per  1000 ROLLIN  D.  HOTCIIKISS  359 
~g. of cellular nitrogen (about 7 mg. of dried bacteria) increased the produc- 
tion of non-amino components by an amount approximately equal to the total 
amino nitrogen utilized. Penicillin that was inactivated to render it no longer 
growth-inhibitory was ineffective in altering the nitrogen distribution. In this 
particular experiment, the active penicillin reduced the amino nitrogen utiliza- 
tion by about one-third, which is more than the usual small or negligible reduc- 
tion.  While  this  inhibition is  undoubtedly significant,  when  it  occurs,  its 
variability suggests that it is merely secondary to a more fundamental all-or- 
none injury such  as that which governs  the production of the extraceUular 
non-amino nitrogen fraction. 
Properties  of the Extracellular  Non-Amino  Acid  MateriaL--In  large  scale 
experiments  with aerated  suspensions  containing about 0.5  gm.  of washed 
staphylococci,  0.15 gin. of casein hydrolysate, and 10,000 units of penicillin G 
in 300 cc. of a glucose-buffer solution,  attempts were made to prepare larger 
quantities of the unidentified non-amino acid fraction. By concentration of the 
supernates,  removal  of  salts,  and  precipitation  with  alcohol,  the  material 
could  be  largely recovered  in aqueous solutions  still containing the residual 
unchanged free amino acids used in the experiment.  Such solutions gave the 
biuret  reaction  strongly,  whereas  the  equivalent  concentrate  from  control 
suspensions  not  exposed  to  penicillin  did not.  The  same  difference  can  be 
seen in the weak biuret reactions of the supernates before concentration; how- 
ever,  both  supernates  often originally  contained  similar  small  amounts of 
biuret-positive  material which during the concentration is largely precipitated 
by alcohol and then fails to redissolve. This small fraction may correspond to 
the  non-amino  material,  possibly  protein,  liberated  in  more  or  less  equal 
amounts in a given experiment  from all suspensions aerated with glucose. In 
the penicillin-treated  suspensions, however, the major portion of the substance 
or  substances  giving  the biuret reaction is  not precipitated by alcohol,  tri- 
chloroacetic  acid, or any but very high concentrations of sodium sulfate.  At- 
tempts to separate it from the unreacted amino acids by paper or starch chro- 
matography have given fractions with as little as one amino group per 4 or 5 
nitrogen atoms. The properties  of the material are accordingly consistent with 
those of a pentapeptide or higher peptide. 
The color given in the biuret reaction is usually taken to be a measure  of 
the amount of nitrogen bound in peptide linkage.  By comparing  the biuret 
color in the spectrophotometer at 550 m# with that from a  standard bovine 
serum albumin solution of known a-amino acid content, an estimate was made 
of the peptide nitrogen equivalent of the material liberated in suspensions 
treated with penicillin. Allowing for some uncertainty in this comparison,  the 
amount of peptide  nitrogen found accounts reasonably well for  the  amino 
nitrogen used up but, in the presence of penicillin, not taken into the cellular 
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disappeared and peptide nitrogen recovered are very similar in amount. The 
control suspensions,  again showing a  somewhat higher utilization of amino 
nitrogen, nevertheless produced much less peptide. 
Tentatively, therefore, it may be concluded that the extracellular non-amino 
nitrogen accumulating in the presence of penicillin is largely of peptide nature. 
The growth-inhibitory or growth-promoting properties and the chemical na- 
ture of this fraction are being investigated further in this laboratory as reason- 
able amounts of material become available. 
TABLE V 
Formation of Peptide  by Staphylococci Utilizing  Amino  Acids  in the Presence of Penicillin 
Experiment I: 
Amino N  utilized 
Extracellular peptide N  produced 
Experiment II: 
Amino N  utilized 
Extracellular peptide N  produced 
Changes  in amount of nitrogen 
Without penicillin  With penicillin 
mg.  mg. 
4.38  2.88 
0.9  2.9 
7.33  5.15 
1,0  5.0 
All cells exposed  to  glucose and casein hydrolysate with aeration at  38°C.  Crystalline 
penicillin G used at 130 units per 1000 ug. cell N. 
DISCUSSION 
It may seem at first sight unreasonable to suppose that penicillin, which is 
said  to destroy the proliferative ability of bacteria only under growth con- 
ditions, would be able to affect metabofic activities of a non-growing bacterial 
system. However,  this  impression  obtains  chiefly because  growth  is  as  yet 
difficult to investigate or even conceive in any detail, in terms of its integrated 
parts. The system under consideration here appears to be a partially isolated 
protein-synthesizing system. As  such, it performs a  partial growth process, 
and penicillin seems to inhibit one part of this process. 
The  pronounced  changes  in  staphylococcal metabolism  described  above 
occur when penicillin acts upon non-growing organisms. Such changes cannot 
of course be interpreted in the present state of our knowledge as resulting from 
effects upon a  particular enzyme, metabollte, or cell structure. On the other 
hand, they are more clearly indicative of direct biochemical interference by 
penicillin than are  changes which can  only be  observed  when the  bacteria 
multiply in the presence of the agent. This is true because growing organisms 
are performing an enormous number of degradative and synthetic sequences of 
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bacterial protoplasm.  In such  a  complex  system, primary inhibition of one 
reaction by an antibacterial agent would not result automatically in the death 
of the cell and a cessation of metabolic activity. Dying, or even dead, bacteria 
can  perform  a  large  number  of  chemical  reactions utilizing the  substrates 
present in a  complex growth environment. Accordingly, it is to be expected 
that cells injured during growth show a  progressively  distorted metabolism, 
in some of its aspects  only distantly reflecting the nature of the initial injury, 
much as rigor mortis is only a distant consequence of a cerebral hemorrhage. 
It has been  suggested  elsewhere  (19) that the  complete  description  of a 
mechanism of antimicrobial action requires evidence that (a) the antimicrobial 
agent can reach  its site of action in adequate concentration or amount,  (b) 
that the agent can affect an enzyme, metabolite, or structural component of 
the cell, (c)  that a corresponding change in the metabolic activity is actually 
produced when cells are exposed to the agent, and (d) that this effect is ade- 
quate to bring about a serious alteration of the vital processes of the organism. 
The work  of  Gale  and  his  collaborators  already mentioned has  brought 
forward strong evidence of an effect of penicillin upon amino acid metabolism. 
The actual evidence brings  this effect into (d), the fourth category described 
above, indicating alterations in the vital processes of the organisms, inasmuch 
as the changes were observed only in cultures grown in the presence of peni- 
cillin or in mutant strains selected from such cultures.  Changes of the third 
type, produced at the time of initial contact with the agent, were not found 
in Gale's investigation. The correlation  of cause with effect, however, is quite 
convincing since gross inhibitions  of glutamic acid  utilization were observed 
at a stage when the indications were that other metabolic activities had not yet 
reached  an abnormal state.  Furthermore, these observations  are  consistent 
with the relation between  penicillin sensitivity and growth requirements for 
amino acids in general, strikingly suggested by the study of a variety of stock 
and mutant staphylococcal strains (8, 9, 20). The apparent failure to confirm, 
in the present instance, Gale's  initial observation of the gross inhibition of 
glutamic acid utilization may be an indication that modification of glutamic 
acid utilization is an indirect result of the primary effect of penicillin, one which 
does not show up when the experimental or cultural conditions differ in some 
details. In a recent article,  Gale and Rodwell propose that the primary action 
of penicillin may be to inhibit the formation of a substance whose synthesis is 
essential for the assimilation  of amino acids in general  (20). 
The  work  reported  in  the  present  communication seems  to  provide  an 
example of a metabolic derangement actually produced on contact with peni- 
cillin (evidence of the third type outlined). Broadly interpreted, it may suggest 
that penicillin inhibits bacterial protein synthesis from amino acids, leading to 
the accumulation of peptide intermediates in  the surrounding fluid.  Before 
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able as to the nature, precise origin, and biological properties of the abnormal 
peptide  material  accumulating  in  the  suspensions  containing penicillin.  In 
passing, it should be pointed out again that the biochemical system which forms 
this material does so only when amino acids are provided and when in addition 
an oxidizable substrate, glucose for example, is being simultaneously oxidized 
with the liberation of energy. These requirements have also to be met before 
cellular protein is synthesized by the normal washed bacteria (7). It is believed 
that we are here dealing with one of the partially isolated processes of normal 
growth, one which appears to be altered in the presence of penicillin. 
No information is provided, of course, indicating a  related effect of peni- 
cillin upon an individual cellular constituent (evidence of type (b)). 
Recent investigations upon the binding of isotopically labeled penicillin to 
resting  staphylococci  (21,  22)  appear  to  provide  the  evidence  of  type  (a) 
required to indicate that penicillin is available at or within the bacterial cell. 
The  quantity of penicillin irreversibly absorbed  is  ten  to  twenty times as 
great if the cells are carrying on growth processes (21).  A further quantity is 
taken up which is in reversible equilibrium with the external concentration (22). 
From these studies we can calculate that a level of 0.3 to 0.4 unit per cc. should 
be  adequate  to  saturate  the receptors  of the heavy suspensions of bacteria 
used in the present work and also provide a surplus concentration of about 0.1 
unit per cc. which is enough to prevent growth in a 24 hour growth test. How- 
ever, this calculation may be irrelevant, for two reasons. If the extraceUular 
polypeptide  indicated  in  the  experiments  reported  above  is  an  abnormal, 
unassimilable polypeptide by virtue of having penicillin incorporated into its 
structure, then the quantity of isotopic penicillin adsorbed upon resting or even 
growing cells will have little relation to the quantity actually metabolized by 
them and needed for inhibition of growth. A more relevant measure would be 
the ratio of total amount of penicillin to the total amount of amino acid as- 
similated (the latter roughly measured by the amount of cellular material and 
the time of exposure). Furthermore, those who have made viable cell counts of 
penicillin-treated cultures have found that an optimal rate  of killing in the 
first hours of exposure is not attained until the concentration of penicillin is 
raised considerably above the level preventing visible growth in 24 hours. For 
example, Lee, et al. (3) found the death rate of 2 X  10  e staphylococci per cc. to 
be nearly constant above  1.5 units of penicillin per cc.  (this corresponds to 
19,000 units per  1000/zg.  of bacterial nitrogen). Parker and Marsh  (23)  ob- 
served slight growth followed by progressive loss of viability after 45 minutes 
when 1.6 X  1@ staphylococci were exposed to 0.12 unit of penicillin in 1 cc. 
(about  220,000  units per  1000 /~g. of cell nitrogen), smaller amounts of the 
agent having more delayed effect. Such findings indicate a mass action effect of 
penicillin solutions upon bacteria, an effect which therefore seems to be inde- 
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The alterations in the pattern of nitrogen assimilation described above were 
observed at the lowest concentration of penicillin tested in the present work, 
about 30 units per cc3 This was used in the presence of very high concentrations 
of bacteria,  such  that  the  ratio  of penicillin  to bacterial nitrogen  varied,  as 
given, from 72 to 415 units per 1000 gg. of nitrogen. On a volume basis, these 
concentrations  are much  higher  than  those  involved in  a  growth  inhibition 
experiment;  in  relation  to  bacterial  mass,  however,  they  are  much  smaller 
than those usually used. 
Penicillin,  then, in amounts which may or may not be equivalent to those 
in which it inhibits bacterial growth, appears to interfere with the conversion 
of amino acids into staphylococcal protein, in such a manner that extracellular 
polypeptides are  formed.  Cells  grown in penicillin  have previously been re- 
ported  to be altered in ways which  may well be a  subsequent  result of this 
interference,  although  there  is  some sign  that  identical  alterations  may not 
always ensue. If interference with protein synthesis is assumed to be the basis 
of the action of penicillin upon bacterial species other than staphylococcus, it 
must be supposed that with such a  species as Bacillus subtilis, which does not 
require preformed amino acids yet is susceptible to penicillin  (24),  this agent 
is able to affect the amino acid or peptide utilization within the cell. The same 
may be said of Escherichia coli, for which in any case, amino acids have been 
claimed to counteract the action of penicillin  (11). 
SUMMARY 
Washed  staphylococcal cells  separated from peptone-broth  cultures con- 
taming penicillin  G did not differ  markedly from cells  not exposed to penicillin 
in their  rate  of oxygen, phosphate, glutamic acid,  or amino nitrogen utiliza- 
tion. 
Washed normal staphyloccal cells,  respiring  in solutions  containing glucose 
and various mixtures of amino acids,  utilized  the amino acids  with an increase 
in the cellular  protdn nitrogen. 
Similar  cells  under the same conditions,  but cxposed to penicillin  G, utilized 
oxygen, phosphate, and amino acids  at essentially  the same rates,  but there 
was no increase  in  the  protcin  nitrogen  of  the  cells. 
Penicillin-treated  washed cclls,  when utilizing  amino acids,  produced in- 
creased amounts of cxtracellular  substanccs containing non-amino nitrogen 
in quantifies  approximately equivalent to the amino acid nitrogen utilized. 
The non-amino fraction  could be tentatively  identified  as polypcptide, which 
was produced, instead of cellular  protein,  when penicillin  was present. 
t In very recent experiments of the same type as those described, biuret-positive material 
was liberated from staphylococd (700 ttg. N/ce.)  respiring in  the  presence of amino acids 
and concentrations of penicillin G as low as 0.42 unit per cc. The quantity of such material 
liberated in the presence of this low concentration was 76 per cent of ~hat liberated when 
167 units of penicillin was present in each cubic centimeter. 364  PENICILLIN AND  PROTEIN SYNTHESIS 
It is a pleasure to acknowledge  the valuable  assistance  of Margaret B. Kain throughout  this 
investigation. 
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